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Abstract

Dietary supplementation with antioxidant rich foods can decrease the level of oxidative stress in brain regions and can ameliorate age-relate
deficits in neuronal and behavioral functions. We examined whether short-term supplementation with blueberries might enhance the brain’
ability to generate a heat shock protein 70 (HSP70) mediated neuroprotective response to stress. Hippocampal (HC) regions from young ar
old rats fed either a control or a supplemented diet for 10 weeks were subjected to an in vitro inflammatory challenge (LPS) and then examine
for levels of HSP70 at various times post LPS (30, 90 and 240 min). While baseline levels of HSP70 did not differ among the various groups
compared to young control diet rats, increases in HSP70 protein levels in response to an in vitro LPS challenge were significantly less in olc
as compared to young control diet rats at the 30, 90 and 240 min time points. However, it appeared that the blueberry diet completely restore
the HSP70 response to LPS in the old rats at the 90 and 240 min times. This suggests that a short-term blueberry (BB) intervention may rest
in improved HSP70-mediated protection against a number of neurodegenerative processes in the brain. Results are discussed in terms of |
multiplicity of the effects of the BB supplementation which appear to range from antioxidant/anti-inflammatory activity to signaling.
© 2005 Published by Elsevier Inc.
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1. Introduction that not only is the CNS particularly vulnerable to OS but this
vulnerability increases during aging (§8&,32]for review).
There is a great deal of research suggesting that one ofWith respect to aging, wi8] have shown that senescent rats
the most important factors mediating the deleterious effects exhibited significantly greater motor behavioral deficits and
of aging on behavior and neuronal function is a decreaseddecreased tyrosine hydroxylase immunoreactivity (in pars
antioxidant/oxidative/inflammatory stress balance (4&¢ compacta) than young rats following intra-nigral applications
for review). The CNS appears to be especially vulnerable to of dopamine (DA). Research has also shown that besides the
OS effects, partially as a result of additional factors such as factors discussed above (e.g., reductions in glutathione levels;

increases in the ratio of oxidized to total glutathidbe], [50]) OS vulnerability in aging may be the result of several
significant lipofuscin accumulatig@22] with bcl-2 increases  additional factors, such as: (a) changes in the microvas-
[54], increases in membrane lipid peroxidatifi?], de- culature[18], (b) increases in oxidized proteins and lipids
creased glutamine synthet48], reductions inredox active  [18], (c) alterations in the membrane microenvironment, (d)
iron [22,55]and alterations in membrane lipifi4]. Impor- alterations in calcium buffering ability, and (e) differential

tantly, in addition to these considerations, it has been shownvulnerability of neurotransmitter receptdBs3,34]
Also paralleling the results seen with respect to oxidative
* Corresponding author. Tel.: +1 617 556 3178; fax: +1 617 556 3222.  Stress are increases in sensitivity to inflammatory mediators
E-mail address: james.joseph@tufts.edu (J.A. Joseph). with aging. For example, Manev and (41] showed that
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old rats were more sensitive to kainate-induced excitotoxic  Interestingly, analyses of oxidative stress reductions with
brain injuries and enhanced 5-lipoxygenase (5-LOX) expres- BB supplementation via dichlorofluorescin diacetate assess-
sion in limbic structures. Moreover, research has suggestedments of various brain regions revealed only small but statis-
that inflammatory prostaglandins (PG) such as PGE increasetically significant effects on DCI6,35] with no significant
in aging, especially in such areas as the hippocaniipiis changes in glutathion®5]. Thus, it appeared that the ben-
In this respect, the PG synthesis pathway appears to be a maeficial effects of the BB supplementation on oxidative stress
jor source of ROS in several organ systems including brain. appeared to be minimal. These results support those of a re-
[4]. cent studyj61] that showed that BB supplementation did not
The results of such increases in inflammatory reactions alter blood or urine levels of ORAC. If this is the case, the
in several pathways involving such factors as cytokines, cy- question arises as to other mechanisms that may be involved
cloogenases, prostaglandins, etc. may represent extracellulain the beneficial effects that we have observed from the BB
signals that act in concert to generate additional ROS to in- supplementation.
duce decrements in neuronal function or glial neuronal inter- It appears that the multiple bioactive compounds present
actions[52,56,59,60,66] in fruits such as BBs and their impact on central ner-
It also appears that one important factor in the increasedvous system function may stem from a combination of fac-
vulnerability to OS and inflammation seen in aging may tors including anti-inflammatory, anti-viral, anti-microbial,
be decreases in inducible heat shock protein 70 (HSP70;anti-adhesion, and membrane-modulating propeftigd 9,
[7,51,62). Bothinvitro and in vivo experiments have demon- 21,43,45] However, we believed that there may be effects
strated that increasing the level of inducible HSP70 can pro- on more than one OS/inflammatory parameter. Since it ap-
tect neuronal cells from a wide range of damaging agents pears, that, as discussed above, inducible HSP70 is a po-
and processes, including heat shock, ischemia, necrosis, toxtent antioxidant/anti-inflammatory that is reduced in aging,
ins, and reactive oxygen spec|@8,24,38,57]Moreover, in- it may be that BB supplementation may restore the activa-
ducible HSP70 works to help damaged proteins regain theirtion of this protein during periods of stress and reduce the
correct structure, function and/or locatisv,64] and may vulnerability to these insults and contribute to the beneficial
be neuroprotective. effects observed previously. Therefore, the present study was
It might be surmised that the aforementioned reductions carried out to determine if BB supplementation in senescent
in inducible HSP70, possibly along with the other parameters rats would reverse the decrements in LPS-induced HSP70.
listed above (e.g., alterations in glutathione), contribute to the Note that while hippocampal (HC) responses in LPS-induced
age-related increases in vulnerability to OS and inflammation HSP70 were assessed in young animals as well, a young BB-
that translate into cognitive and motor behavioral deficits. In supplemented group was not included, since the major focus

this respect, studies indicate that oxidative stf88fand in- of this study was to assess effects of BBs on this parameter
flammation[25,26]are contributing factors to the behavioral in old rats as a partial explanation for the beneficial effects
decrements seen in aging. of BB supplementation on motor and cognitive function that

If this is the case then it might be surmised that interven- we had seen previous[@5,71]
tions designed to reduce the vulnerability of the aged brain
to inflammatory and OS insults might translate into reduc-
tions in cognitive and motor behavioral deficits. To this end 2. Methods
research has shown that nutritional supplements such as Vi-
tamins C or E, garlid69], herbals (e.g., Ginseng, Ginkgo 2.1. Subjects and diet
biloba, Ding lang; sef9]), and dietary fatty acids (reviewed
in [70]) have altered these deficits with varying degrees of  Thirty male Fischer 344 (F344) rats from the NIA/Harlan
success. However, we believed that given the considerablecolony were housed in pairs on a 12 h light/dark schedule
antioxidant/anti-inflammatory potential of the fruits and veg- with ad libitum access to food and water. Young rats {)
etables, they might show considerable efficacy in reducing thereceived the control diet, from 4 to 6 months of age. Old rats
deleterious effects of aging on neuronal function and behav-were randomly assigned to either the contiok ) or the
ior. We utilized fruits and a vegetables identified as being high blueberry supplemented diet£ 7) group and received the
in antioxidant activity via the oxygen radical absorbance ca- diet from ages 19 to 21 months. All subjects were maintained
pacity assay (ORAC; e.g., sg&/]) and showed that dietary  on the diets for 10 weeks prior to in vitro LPS treatment.
supplementation (for 8 weeks) with spinach, strawberry or The rats were weighed weekly. The animals were used in
blueberry (BB) extracts (2% of an AIN-93 digB5]) was compliance with all applicable laws and regulations as well
effective in reversing age-related deficits in neuronal and be- as principles expressed in the National Institutes of Health,
havioral (cognitive, MWM performance) function in aged United States Public Health Service Guide for the Care and
(19 months) F344 rats. However, only the BB supplemented Use of Laboratory Animals. This study was approved by the
group exhibited improved performance on tests of motor Institutional Animal Care and Use Committees of Simmons
function. Similar results were seen in a subsequent experi-College and the Human Nutrition Research Center on Ag-
ment[71]. ing at Tufts University. The diet was prepared as previously
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described71]. In brief, blueberries were mixed 1:1 with wa- ondary antibody in TBST with 5% milk. After final washing
ter, homogenized in a blender for 3 min, and centrifuged at in TBST, signal was detected using the Renaissance West-
13,000x g for 15min at £C. The supernatant was frozen ern Blot Chemiluminescence kit (DuPont NEN). The amount
and then freeze dried. The resultant crude blueberry extractof protein per lane was confirmed using a primary antibody

powder was assayed for antioxidant capafi8] and incor- against actin (SC-8432, Santa Cruz). Autogradiograms of
porated into standard nutritionally complete rat diet at 2% by the chemiluminescent immunoblots were quantified using a
weight as in Youdim et al[71] and Joseph et aJ29]. An molecular dynamics densitometer and expressed in units of

equivalent amount of corn was added to the control diet. optical density.
Three dependent measures of inducible HSP70 were
2.2. Invitro LPS treatment analyzed: baseline levels (Oug/ml LPS), stimulated levels
(10ug/ml LPS) and percent change from baseline, which
Brains were dissected on ice and hippocampal regionswas calculated as the difference from baseline with LPS
were individually crosscut (300 mu, Mcllwain tissue chop- stimulation expressed as a percent of baseline (10ug/ml
per) and transferred into glass vials containing cold modi- LPS— 0ug/ml LPS)/0ug/ml LP& 100. For each HSP70
fied Krebs—Ringer buffer (21 mM NaHG(3.4 mM glucose, measure, and for HSC70 results and actin, two-way between-
1.3mM NakbPQy, 1 mM EGTA, 0.93 mM Mg, 127 mM subjects analysis of variance (ANOVA) models comparing
NacCl, 2.5 mM KCI, bubbled with 95% &5% CQ). Tissue the three groups at the various times (0, 30 and 90 min post
samples were washed and aliquoted into fresh buffer with ei- LPS) were performed using Systat (SPSS Inc., Chicago, IL)
ther 0 or 10 ug/ml LPS (lipopolysaccharide, Sigmiacoli, to test for statistical significance at tpe<0.05 level. Post-
serotype 055:B5, TCA extraction), shaken in &@nwvater hoc comparisons, to determine differences among the groups,
bath for 0, 30, 90 and 240 min with fresh buffer—+LPS were performed using Fisher’'s LSD test.
replaced at 30-min intervals. Vials were then put onice, and  Note that for the 240-min time point a pooled sample was
samples transferred to centrifuge tubes, spun at 10:QQ0 analyzed, since the tissue was used across all the times and
10 min, 4°C, and dry tissue pellets frozen aB0°C. This was limited for this time. Therefore, the 240 time point was
method was adapted from one we have used successfully tanalyzed separately.
assess the effect of oxidative stress on signal transduction in
freshly dissected brain tiss{@0,35,36]
3. Results
2.3. Protein preparation
3.1. Body weights
Processing to total cytosolic lysates for western blots be-
gan with tissue pellets being resuspended in cold RIPA buffer ~ Analysis of the body weights indicated that the
(1x PBS, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, young animals weighed less (388:113.8 g) than the BB-
pH 7.4) plus protease inhibitors (40 uM PMSF, 2ug/ml le- supplemented (467:812.69) or control (469.8 12.7 g)
upeptin, 1 ug/ml pepstatin, 0.1 nM Na vanadate, 1 uM NaF, senescentanimals contributing to an overall significant differ-
5nMDTT). Samples were vortexed, placed in ice for 30 min, ence in the analysis of variandg(R,26) = 124.16p < 0.000).
centrifuged at 10,00@ ¢ and 4°C for 10 min, and the su- However, as can be seen from the data, there were no dif-
pernatant assayed for protein concentration. The resultingferences between the two groups of aged animaisi(05
total cytosolic lysates were stored-a80°C for western im- post-hoc Fisher’s LSD test).
munoblots.
3.2. Baseline rat HC HSP70 protein levels
2.4. Western immunoblot and statistics
As shown inFig. 1, baseline levels of HSP70 in hippocam-
For Western blots, protein samples (60 ug) were run on a pal regions across the various times did not differ among the
10% SDS-PAGE geJ44]. Control samples included HeLa various groups f(4,32) =2.48,p =0.064]. However, it ap-
cell lysate (heat shocked and control), rat brain lysate and peared that the HSP70 was higher at the 30 and 90 min times
HSP70 (SPP-758E, Stressgen). The gel was soaked in prothan at the 0 timeA(2,32) =11.73p <0.001].
tein transfer buffer (TB: 200 mM glycine, 25 mM Tris base,
20% methanol) for 10 min at room temperature, and then 3.3. Time course of HSP70 induction in rat HC
blotted onto nitrocellulose using a Hoeffer Transphor Unit. following LPS challenge
Blots were blocked with TBST (137 mM NacCl, 20 mM Tris,
0.1% Tween-20, pH 7.5) with 5% non-fat dried milk and The results of the putative age by diet-related differences
incubated with primary antibodies (HSC/HSP70, SC1060; in the time course of the hippocampal HSP70 response
cHSC70, SC1059, Santa Cruz; iHSP70, SPA810, Stressgenjo LPS indicated that these differences did not appear
in TBST with 5% milk, followed by washing with TBST, until 90min following LPS exposure F{g. 2) [group
and incubation with a horseradish peroxidase-conjugated seceffect, F(2,32) =8.47 p < 0.01; time effectF(2,32) =48.52,
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Fig. 3. Percent increase in hippocampal HSP70 levels from baseline in re-
sponse to an in vitro LPS challenge at various times post LPS (30, 90 and
240 min) of young rats fed a control diet, old rats fed a control diet, and old
rats fed a blueberry supplemented diet for 10 weeks.

Fig. 1. Baseline levels of heat shock protein 70 (HSP70) at various incu-
bation times (0, 30, 90 and 240 min) in hippocampal regions of young rats
fed a control diet, old rats fed a control diet, and old rats fed a blueberry
supplemented diet for 10 weeks.

p<0.001]. Thus, no differential effects of LPS exposure on trols (p <0.05). However, at the 240 min time point, there
HSP70 activation were seen among the groups at the 30 minwere no differences between the groups on the effects of LPS
time point following LPS treatment. on HSP70 inductionf(2,6) =0.33p=0.73] Fig. 3. As is
Post-hoc testing showed that following 90 min of in vitro also shown irFig. 3, the non-significant differences among
exposure to 10 ug/ml LPS, increases in HSP70 levels werethe groups at 240 min appears to be the result of reductions
significantly lower in old control diet rats as compared in LPS-induced HSP70 in the young and BB-supplemented
to young control diet rats in brain hippocampal regions groups and a slight but non-significant increase in the old
(p<0.001). Hippocampal regions from BB-supplemented control group, rather than a slower rise in the induction of
old rats produced HSP70 levels that were higher than old HSP70 in this group.
control diet rats £ < 0.05) and no different from the young Finally, there were no differences in HSC70 or actin as a
rats p>0.05). These group differences were maintained at function of age or diet as a function of the length of the LPS
240 min after LPS treatmenk(2,6) = 8.95p <0.05] Fig. 2). exposure.
When examining percent change from baseline, i.e., no
LPS induced HSP70 versus LPS induced HSP70 at each
time, the group differences were primarily seen at 90 min 4. Discussion
[F(2,12)=4.17p <0.05] (Fig. 3). Again, the percent change
in senescent rats fed the control diet was lower than that of As mentioned in the introduction, with age there are in-
young control diet ratg(< 0.05), while the BB-supplemented creased levels of, and reduced protective mechanisms against,
old rats had a percent increase that was not different thancellular stresses such as inflammation and oxidative stress
the young ratsy(=0.71), yet higher than age-matched con- [5,46,48] One of the most important of these is HSP70.
The induction of HSP70 in response to heat stress has been
HSP 70, + LPS demonstrated in a wide range of studies to protect cells from
12 , subsequent damage. HSP70 has been described as a molecu-
ol % Youry oot Bles . lar chaperone that works in part to restore damaged proteins
____| Old Control Diet o . .. ]
== ok Biueberry Dt to thelrprlglnal structure and functi¢h7,65] The am_ountof
- protection afforded has been shown to be proportional to the
level of HSP70 inductiofil—3,68]} Within the brain, HSP70
mediated cell survival is also affected by cell type, brain re-
gion, and age-dependent differences in the time course of the
response to hyperthermjd7,51] In general, mammals be-
come less tolerant to heat stress with old age, as evidenced
by the higher rate of death by hyperthermia in old [2&]
30 min 90 min 240 min and humang$16]. A reduction in the size of the HSP70 re-
TIME sponsg49,27] may play a role in the increased vulnerabil-
Fig. 2. Stimulated levels of heat shock protein 70 (HSP70) at various times Ity to Stressqrs that OCC.urS.WIth age, and _as mentlo_ned n
following incubation with LPS (0, 30, 90 and 240 min) in hippocampal re- the Intmducuon’_ bOt_h oxidative strefs] and_mﬂammatlon
gions of young rats fed a control diet, old rats fed a control diet, and old rats [25,26] are.contnbutlng factors to the behavioral decrements
fed a blueberry supplemented diet for 10 weeks. seen In aging.
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In this regard, the present findings show that there were  Finally, it should be mentioned that although the BB-
no differences among the groups in basal HSP70. However,supplemented animals did not show any loss of weight as
it also appeared that acute LPS-induced HSP70 productioncompared to the rats fed the control diet, the effects seen here
was significantly decreased at the 90 and 240 min post LPSwith respect to LPS-induced enhancement of HSP70 are sim-
times in the senescent control rats as compared to the agedar to those seen previously with long-term caloric restric-
BB-supplemented and young control rats. The finding show- tion (CR) (seq11] for review). It should also be noted that
ing that there were age differences in the response at both oftransgenic mouse models of Alzheimer disease (AD) respond
these later time points suggest that the differences observedo food restriction with increased resistance to AD-related
were not the result of age differences in amount of time re- synaptic changefr4]. This protection correlates with en-
quired to mount a full HSP70 response as compared to thehanced HSP70 production in cortical synaptosomes and with
age differences in overall size of response. HSP70’s effect on calcium regulation, membrane potential,

Instead the results showed that short-term nutritional in- and resistance to oxidative str¢24,62,73] This neuropro-
tervention with BB supplementation increased HSP70 medi- tection is postulated to be a critical factor in the beneficial
ated protection in the hippocampal regions of old rats againsteffect of caloric restriction on both life expectancy and ani-
a stressor such as LPS, and this difference is maximized atmal models of Alzheimer disea§24,73]
the 90 and 240 post LPS time pointsid. 2). These find-
ings suggested that short-term BB supplementation restored
the ability of the aged hippocampal cells to respond to an 5. Conflict of interest statement
inflammatory challenge with a large production of inducible
HSP70. The laboratory of James Joseph receives funding from the
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